The ferri-ferrocyanide redox couple is ubiquitous in many fields of physical chemistry. We studied its photochemical response to intense synchrotron radiation by in-situ X-Ray absorption spectroscopy. For photon flux densities equal to and above 2×10 11 s -1 mm -2 , precipitation of ferric (hydr)oxide from both ferricyanide and ferrocyanide solutions was clearly detectable despite flowing fast enough to replace the solution in the flow cell every 0.4 s (flow rate 1.5 ml/min).
Introduction
Ferri-ferrocyanide is a common facile redox couple [1] [2] [3] that is frequently used to access surface charge transfer kinetics. [4] [5] [6] [7] It is also an important component of diverse applications, including in charge storage within flow batteries, 8 as the electroactive species in thermogalvanic cells, 9-11 a preventor of electrolyte decomposition in batteries, 12 and as the redox shuttle in dye-sensitized solar cells 13 and photoanodes. 14 Previously, the redox of ferricyanide and ferrocyanide has been studied by hard and soft in-situ X-ray absorption spectroscopy (XAS) to elucidate photoexcitation, [15] [16] chemical reduction, 17 solvation, [18] [19] and charge transfer. 20 The attenuation length of hard X-rays at the Fe K-edge (7112 eV) is ~100× larger than that of soft X-rays at the Fe L 3 -edge (706.8 eV), 21 which enlarges the irradiated mass by a factor of ~ 100 for hard X-rays, while the energies differ by a factor of ~ 10. The dose (energy deposited per mass) within one absorption length is then about 10× larger at the Fe L 3 -edge as compared to the Fe K-edge for a fixed number of incident photons. (Exact calculation gives 6.6× larger dose. 22 ) Therefore, less radiation damage can be expected at the Fe K-edge as compared to the Fe L 3 -edge. Yet there is little discussion of photochemical effects on the stability of ferricyanide and ferrocyanide during operando XAS with soft X-ray radiation. Moreover, Ferricyanide and ferrocyanide complexes can become unstable due to CN cleavage under UV illumination, 23 and electron irradiation, [24] [25] [26] especially at high pH. 27 These interactions lead to drastically reduced kinetics after few hours of operation, 28 which is commonly explained by precipitation of coordination polymers related to 32 where A is a group I metal and h, k, l, m are stoichiometric indices.
Here, we studied the implications of ionizing radiation on ferricyanide and ferrocyanide complexes during open-circuit and cyclic voltammetry using soft XAS. Our experimental setup allows studying reactions within the bulk electrolyte and any side reactions occurring at the surface of the working electrode. This is in contrast to previous studies of iron sulfate redox in the bulk electrolyte, 33 where surface reactions at the working electrode are not probed by XAS ( Figure S1 ). We find the threshold photon flux that can trigger the radiolysis of ferricyanide to form ferric (hydr)oxide at the electrode surface under open-circuit. Conducting cyclic voltammetry below the threshold photon flux resulted in the precipitation of ferric (hydr)oxide and electrode passivation in the irradiated area. Our work highlights the importance of considering both photochemical and electrochemical damage when designing electrochemical operando XAS experiments.
Experimental

X-ray absorption spectroscopy
X-ray absorption measurements at the iron L-edges were performed at the spherical grating monochromator (SGM) beamline 11ID-1 at the Canadian Light Source. 34 The window of the sample cells was mounted at an angle of roughly 45º with respect to both the incident beam and the detectors. 35 The irradiated area on the cell window was about 0.05 mm 2 as determined by image analysis in Adobe Photoshop ( Figure S2 ). All measurements were made at room temperature in the fluorescence mode using Amptek silicon drift detectors (SDD) with 1024 emission channels (energy resolution ~120 eV). Four SDD were employed simultaneously; two detectors had vanadium (200 nm) and two detectors had titanium (200 nm) filter foils mounted to suppress the oxygen fluorescence. The partial fluorescence yield (PFY) was extracted from all SDDs by summation of the iron L emission lines between 664 and 872 eV. The PFY spectra were normalized for the background due to oxygen absorption by fitting a straight line in an appropriate region below the L 3 -edge (typically between 695 and 703 eV) and subtracting it over the whole range of the data (685-755 eV) as shown in Figure S3A . The noise level of some spectra required adjustment of the boundaries so that the post-edge slope matched the pre-edge slope reasonably well. Finally, the average intensity between 732 and 735.5 eV (after L 2 edge) was normalized to unity ( Figure S3B ). The energy axis was calibrated with respect to the preedge in the spectrum of molecular oxygen at 530.8 eV, 36 which was acquired using a sample cell filled with ambient air. The incident intensity was obtained by measuring the current on a gold grid placed before the sample chamber. The absolute incident flux of 1×10 10 photons/s was measured using a photodiode (IRD AXUV100) for a beamline exit slit size of 10 µm. 37 We assumed a linear dependence of the current on the gold grid and the photon flux within the used range of 50% to 150% flux. Flux densities were obtained by division of the irradiated area on the cell window (0.05 mm 2 ).
In the ionic limit relevant to L-edge spectroscopy of iron, the spectral features are dominated by multiplet interactions between the ground, excited and relaxed electronic states, 38 complementary experiments using high-resolution resonant inelastic X-ray scattering (RIXS).
18, 40
Sample cell
The bodies of the sample cells were fabricated on an Object Connex500 printer by 3D printing with DurusWhite material (Figure 1 ). The design of the electrochemical flow cell was adapted from a previously used flow cell. 41 Silicon nitride membrane windows (1 mm x 1 mm x 100 nm)
in Si frames (5 mm x 5 mm x 525 µm) were purchased from Silson or SPI Supplies. For flow cells, the windows were used as received. For electrochemical flow cells, the windows were treated by HF, and then coated by electron-beam evaporated carbon (10 nm) and gold (15 nm).
The gold-covered window was contacted by gold wires. Platinum wires were used as reference and counter electrodes. In the final step of assembly, the windows were glued to the cell body using Varian Torr seal epoxy, forming an electrolyte chamber of ~ 1 mm height. The contact between the gold film on the windows of the electrochemical cell and the gold wire was monitored during the curing process of the epoxy. Only cells with resistance between the two gold wires below 120 Ohm were used for electrochemical experiments. Using the Henke tables, 21 we calculated attenuation lengths (I/I 0 = e -1 ) at 715 eV and 45º of 560, 40, 360 and 720 nm, for C, Au, Si 3 N 4 and water (i.e. ice), respectively. The resulting transmission through these components can be found in Figure S4A . About 82% of the intensity outside the sample cell was available at the window of the flow cell (schematic in Figure 1A ) and 63% is available at the Au electrode surface of the electrochemical cell (schematic in Figure 1B) . While incident X-rays penetrate deep into the bulk of the electrolyte, most of the detected fluorescence likely escaped from regions closer to the electrode due to reabsorption in the electrolyte and subsequent isotropic emission, of which a dwindeling fraction can be expected to arrive at the detector with increasing distance to the electrode. 
Electrolyte Preparation and Electrochemical Measurements
All solutions were prepared using deionized water (18. 
Results and Discussion
X-Ray Absorption of Ferri and Ferrocyanide Ions in the Flow Cell
Iron L-edge spectra of both ferricyanide and ferrocyanide solutions showed the spectral features expected for low-spin d 5 Figure 2 ) using 0.1 M solutions adjusted to pH 5 (ferricyanide solution also contained potassium sulfate) in the flow cell ( Figure 1A ) with a flow rate of 1.5 ml/min and a photon flux density of 0.8×10 11 s -1 mm -2 in the cell. Under these conditions, our spectra compare well with those reported previously for powders of ferri-and ferrocyanide ( Figure S6 ) in the absence of photo-damage, 22, 39, [43] [44] [45] [46] as well as ferrocyanide solution. 19 We cannot confirm the discrepancies between powders and concentrated solution of an earlier report. 47 Minor differences between the powder and aqueous spectra in our measurements could be attributed to state-dependent decay effects, which cause fluorescence yield measurements to deviate from absorption cross sections. 48 The character of transitions in ferri-and ferrocyanide was assigned based on ref. 40 . The character of the precipitate was assigned by comparison with a known d 5 high-spin (S=5/2) compound, α-FeOOH, 51 as shown in Figure S8 .
At the L 3 edge of ferricyanide, a3 has a shoulder a3' due to π and σ donation 39 at energies slightly higher than that of the main peak, while no shoulders were resolved for the corresponding peak at the L 2 edge. This difference can be attributed to the shorter core-hole lifetime and resulting stronger intrinsic broadening of the L 2 edge as compared to the L 3 edge. 52 We focus on the discussion of L 3 -edges herein due to their higher intrinsic resolution. Moreover, as the spectrum of ferrocyanide had no peaks below 710 eV, the peak intensity of a1 (706.2 eV) of ferricyanide was used to follow the spectral changes due to photo-damage (section 2) and in time-resolved electrochemical experiments (section 3).
Study of Photo-Damage in the Flow Cell
Photo-damage (or radiation damage) is a known challenge during in-situ experiments with soft X-rays, 53 including work with liquids. 54 Unfortunately, photo-damage of the studied systems is mostly treated qualitatively and rarely quantified based on flux density or radiation dose. A notable exception is the recent work of Van Schooneveld and DeBeer, 22 which also includes quantification of radiation damage of ferricyanide powder. We decided against using the dose (energy deposited per mass of material) as recommended in ref. 22 for solids because the fluid dynamics of the electrolyte were unknown and instead used the experimentally accessible flux density. Common strategies to reduce photo-damage during in-situ experiments with liquids include increasing the size of the beam on the sample, e.g. by defocussing, and replacing the irradiated mass/volume continuously, e.g. flowing the liquid. Nagasaka et al. 33, 55 (schematic in Fig. S1 ) flowed at a rate of 5 ml/min, which replaced the liquid in the cell 3 times during the 3 s exposure at each energy step. Here, we determined the threshold flux density for photo-damage and state the flow rate of 1.5 ml/min, which was sufficient to replace the liquid 5 times during 2 s exposure at each energy step in our smaller cell.
Clear changes in the iron L-edge spectra of 0.1 M ferricyanide and 0.1 M ferrocyanide solutions were found relative to pristine solutions during a single XAS scan lasting 15 min at high flux ( Figure 3 ). In addition, X-ray irradiation of ferricyanide and ferrocyanide produced solid precipitates on the window of the flow cell, which remained on the window after flushing the cell with copious amounts of DI water. Irradiated solutions of ferricyanide and ferrocyanide exhibited both their original features (a1-a6 or b1-b4) and those of the precipitate (c1-c5), whose assignment can be found in Table 1 . Subtracting appropriately scaled pristine spectra from the spectra of the respective irradiated solutions produces spectra identical to that of the precipitates within noise ( Figure S7 ), which indicates that the irradiated spectra can be described fully by the original solution and the precipitate. Furthermore, nearly identical precipitates formed when either ferricyanide or ferrocyanide solutions were irradiated ( Figure S8 ), where minor differences might be caused by sample history and film thickness. Figure S8 ).
Please note that the L 3 /L 2 ratio is different for the references spectra 56 as they were obtained using the inverse partial fluorescence yield (IPFY) rather than partial fluorescence yield (PFY) used herein. Among the iron oxides and hydroxides, 56 the separation between peaks c1 and c2 was closest to α-FeOOH, indicating comparable ligand field splitting ( Figure S8 ). However, no conclusive assignment was achieved and we will refer to the precipitate as ferric (hydr)oxide, whose precipitation is in contrast to in-situ UV/vis experiments, where Prussian Blue is formed on the probed surface. [28] [29] [30] [31] The X-ray absorption spectrum of Prussian Blue is a linear combination of ferri-and ferrocyanide. 57 Thus, we would expect to find peaks a1-a6 in addition to b1-b4 if appreciable amounts of Prussian Blue were formed. The absence of these peaks, particularly a1, in the precipitates supports that ferric (hydr)oxide rather than Prussian Blue was formed. This assignment is further supported by the fact that this hydroxide is thermodynamically stable in the Pourbaix diagram 58 under the electrochemical conditions (pH 5, cell potential ≥ 0.358 V vs. SHE) used in our experiments. It should be noted, however, that a blue deposit was visible on the periphery of the irradiated area ( Figure S2 ), which might be Prussian Blue. In contrast, the color of the irradiated area is indistinguishable from ochrous α-FeOOH. 56 Thus, the spectral changes occurring during single XAS scans of ferri-and ferrocyanide solutions illustrate that ferric (hydr)oxide precipitates from both solutions in the irradiated area. . 56 All solutions were adjusted to pH 5 and ferricyanide solutions contained 0.1 M potassium sulfate. After irradiation at high flux in ferricyanide or ferrocyanide solutions, the cell was flushed with water and spectra of the precipitates (grey) were recorded using water-filled cells. The assignment of peaks a1-a6, b1-b4 and c1-c5 can be found in Table 1 . 
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Precipitation of ferric (hydr)oxide has rarely been considered as a parasitic reaction during insitu spectroscopy of ferri-ferrocyanide solutions. We hypothesize that ferric (hydr)oxide is formed due to cleavage of cyanide ligands and ionization of water by the intense ionizing X-ray radiation in the soft X-ray region, i.e. radiolysis. Water radicals (e.g. H*, OH*, H 2 O 2 ) generated by ionizing radiation react with both ferri-and ferrocyanide and may replace the cyanide ligand (e.g. Fe(CN) 6 à Fe(CN) 5 [OH 2 ]). [24] [25] The production of these radicals by soft X-rays (550 eV) in ice was previously reported 59 at flux densities comparable to those used in our experiments. A previous study based on FTIR spectroscopy suggests that more than one cyanide ligand could be lost and it was speculated that solute Fe 3+ ions could be formed at neutral pH, 26 which can precipitate as iron hydroxide under these conditions. 58 In support of this, iron hydroxide was found previously after UV irradiation in basic solutions. 60 The Pourbaix diagram of the ironwater system 58 indicates that solid hydroxides are favored over aqueous Fe 3+ and Fe 2+ at pH 5, which is consistent with our XAS results for the precipitate on the window. Our soft XAS data provides direct evidence of iron hydroxide formation, presumably α-FeOOH, in mildly acidic ferri-ferrocyanide solutions after X-ray irradiation (Figure 3 and S8).
We further studied the onset of photo-damage at the iron peaks a1 and c1 on the flux inside the cell. The assignment of these peaks can be found in Table   1 and the boundaries for integration in Figure S9 . Error bars were only obtained for one The integrated intensities of a1 and c1 as a function of flux density are shown in Figure 4B .
The observed non-linear trend with flux density can be attributed to the precipitation of iron hydroxide on the window, which increased the local density and thus reduced the penetration depth of incident X-rays. More significantly, a photon flux density of 0.2×10 11 s -1 mm -2 was sufficient to reduce the amplitude of peak a1 over 5 subsequent scans (15 min each) when the flow was stopped ( Figure S11 ). This observation suggests that it might be very challenging to minimize parasitic reactions of ferri-ferrocyanide redox during soft X-ray measurements as the onset flux density is exceptionally low and readily available at many soft X-ray beamlines (Table   S1 ). In summary, we showed that the precipitation of ferric (hydr)oxide can occur at photon flux densities equal to or greater than 2.0×10 11 s -1 mm -2 at a flow rate of 1.5 ml/min with no timedependent spectral changes between subsequent scans. In contrast, an order of magnitude lower flux density is sufficient for precipitation without flow and spectral changes depended on the duration of irradiation. Thus, the flow rate and flux density have to be balanced carefully to avoid photo-damage, while preserving useful XAS signal strengths, especially during timedependent operando experiments. Initial spectral changes during cyclic voltammetry would therefore be caused predominantly by polarization of the electrode. During the first cycle (scans 6 -31), the area of peak a1 followed the electric current very well ( Figure 5B ) and the minima coincided. The onset in the a1 peak reduction for ferricyanide (scan 15) was found at negative voltages and prior to electrochemical reduction currents ( Figure 5B ). The latter observation suggested photo-damage of ferricyanide, which is supported by the increased area of peak c1, indicating the formation of the ferric (hydr)oxide precipitate on the window as discussed previously. Indeed, a spectrum with the characteristic features of the ferric (hydr)oxide precipitate was found after the CV experiment in a cell flushed and filled with water ( Figure S14 ). During the second cycle (scans 32 -57), the peak area reduction of a1 for ferricyanide was much delayed relative to the reduction current, and no change was found for peak a1 in the third cycle (scans 58 -83), which can be attributed to the passivation of the X-ray-probed electrode area by iron (hydr)oxide precipitation. The electrochemical current was not affected by the passivation because the area probed by XAS is ~0.5 % of the total electrochemically active surface ( Figure S2 ), which is common for operando (photo)electrochemical measurements where the electrode is on the window. [62] [63] [64] [65] Interestingly, peak c1 was maximal when peak a1 vanished, i.e. when ferricyanide was fully reduced to ferrocyanide near the electrode during the first cycle (scans 6 -31; Figure 5 ), indicating that the ferri-ferrocyanide redox might correlate with the formation of ferric (hydr)oxide, such that negative (reducing) voltages promoted its precipitation. electrolytes is readily obtainable at soft X-ray beamlines around the world (Table S1) .
Operando XAS of Electrochemical Ferricyanide Redox
Unfortunately, flux densities or radiation doses are rarely reported, even when operating conditions were optimized. In the absence of explicit testing for photo-damage at open-circuit, it is likely that these radicals are produced in aqueous electrolytes by ionizing soft X-ray radiation, which raises the important question of how they interact with soluble species or electrode surfaces in electrochemical operando measurements.
Conclusions
We studied the ferri-ferrocyanide redox by in-situ XAS both in an electrode-free 
